It was hypothesized that a high-concentrate diet fed during early calfhood alters the expression of genes within the arcuate nucleus that subserve reproductive competence. Beef heifers (n = 12) were weaned at approximately 3 mo of age, and after acclimation, were allocated randomly to 1 of 2 nutritional groups: 1) High Concentrate/High Gain (HC/HG), a high concentrate diet fed to promote a gain of 0.91 kg/d; or 2) High Forage/ Low Gain (HF/LG), a forage-based diet fed to promote a gain of 0.45kg/d. Experimental diets were fed under controlled intake for 91 d. At the end of 91 d, heifers were slaughtered by humane procedures, blood samples were collected, brains were removed, liver weights were determined, and rumen fl uid was collected for VFA analyses. Tissue blocks containing the hypothalamus were dissected from the brains, frozen, and cut using a cryostat, and frozen sections were mounted on slides. Tissue from the arcuate nucleus (ARC) was dissected from sections for mRNA extraction. Microarray analysis was used to assess genome-wide transcription in the ARC using a 60-mer oligonucleotide 44K bovine expression array. The ADG was greater (P < 0.001) in heifers fed the HC/ HG diet than in heifers fed the HF/LG diet. At slaughter, mean propionate to acetate ratios in the ruminal fl uid and liver weight as a percentage of BW were increased (P < 0.005) in HC/HG compared with HF/LG heifers. Mean serum concentrations of insulin (P < 0.05) and IGF-1 (P < 0.005) were greater, and leptin tended to be greater (P = 0.1) in HC/HG heifers compared with HF/LG heifers. Approximately 345 genes were observed to be differentially expressed in the HC/HG group with approximately two-thirds of the genes exhibiting increased expression in the HC/HG group. Genes exhibiting decreased expression in the HC/HG group included agouti-related protein and neuropeptide Y, products of which are known to regulate feed intake and energy expenditure. Functional annotation of enriched Gene Ontology terms indicates that a number of biological processes within the hypothalamus are affected by consumption of high-concentrate diets, including those related to control of feed intake, regulation of cellular metabolic processes, receptor and intracellular signaling, and neuronal communication. In summary, dietary treatments shown previously to accelerate the timing of pubertal onset in heifers increased ruminal propionate, promoted enhanced metabolic hormone secretion, and altered gene expression in the ARC.
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INTRODUCTION
Age at onset of puberty is largely dependent upon rate of growth during the prepubertal period. Nutrient restriction during postnatal development delays puberty (Day et al., 1984) by inhibiting the release of GnRH (I'Anson et al., 2000) . Hormones such as insulin (Adam and Findlay, 1998) , IGF-1 (Hiney et al., 1991; Yelich et al., 1996) , GH (Simpson et al., 1991) , and leptin (Garcia et al., 2003) , and nutrients such as glucose (Adam and Findlay, 1998) and fatty acids (Garcia et al., 2003) have been implicated in signaling nutritional status. These signals act within the hypothalamus to regulate feed intake, energy expenditure, and neuroendocrine functions, including reproduction (Hiney et al., 1996; Zieba et al., 2004; Stanley et al., 2005) . Although multiple hypothalamic areas are involved in the pathways mediating the metabolic regulation of neuroendocrine function, major metabolic-sensing neurons are located within the arcuate nucleus (ARC) of the hypothalamus. Neuropeptide Y (NPY)/agouti-related protein (AgRP) neurons present in the ARC (Broberger et al., 1998; Hahn et al., 1998) are responsive to changes in metabolic status (McShane et al., 1993; Stanley et al., 2005) and appear to play a major role in mediating the effects of nutrition on reproduction (Raposinho et al., 1999) .
In maturing heifers, accelerated growth during early calfhood infl uences age at puberty. Heifers weaned at 3 mo of age and fed diets that promote rapid rates of BW gain between 3 and 7 mo of age reach puberty earlier and at lighter BW than heifers fed diets to gain BW at a reduced rate during the same period (Gasser et al., 2006a-d) . Increased BW gain later during calfhood does not have the same impact. Therefore, a critical window for nutritional imprinting of neuroendocrine functions that regulate age at onset of puberty appears to exist early in juvenile development. In the study reported herein, we examined whether nutritional inputs during early calfhood result in changes in gene expression within the ARC that may be critical for the integration of metabolic and reproductive functions. Greatest emphasis was given to genes that have been well characterized relative to their involvement in sensing nutritional inputs.
MATERIALS AND METHODS
All animal-related procedures used in this study were approved by the Institutional Agricultural Animal Care and Use Committee of the Texas A&M System.
Animal Procedures
Twelve Angus-sired heifers (½ Angus, ¼ Hereford, ¼ Brahman) were weaned at approximately 3 mo of age, stratifi ed by date of birth, and assigned randomly to 1 of 2 dietary treatments (n = 6/treatment) in 2 replicates (n = 6/replicate): 1) High-Forage/Low-Gain (HF/LG): ADG of 0.45 kg/d (n = 6); and 2) High-Concentrate/HighGain (HC/HG): ADG of 0.91 kg/d (n = 6). Diets were balanced using the Large Ruminant Nutrition System (http://nutritionmodels.tamu.edu/lrns.htm), which is based on the Cornell net Carbohydrate and Protein System as described by Fox et al. (2004) . Targeted ADG was attained by adjustments in DMI based on ADG determined weekly. Ingredients and diet chemical compositions are presented in Table 1 .
Heifers in each group were allocated to pens measuring 25.9 m × 9.5 m and fed an acclimation diet for 2 wk post-weaning. During the fi rst week of the acclimation period, heifers in both treatments were fed the HF diet up to a maximum of 2.7 kg/heifer daily. During the second week of the adaptation period, heifers assigned to the HC/HG group were fed a diet consisting of 50% HF and 50% HC up to a maximum of 2.7 kg/heifer daily. Heifers assigned to the HF/LG treatment were fed the HF diet through the second week of the adaptation period. After the 2-wk adaptation period, heifers were fed 100% of their respective treatment diets for 14 wk. Heifers were weighed weekly for the duration of the experiment.
At the completion of the experimental feeding period, heifers were slaughtered by humane procedures after overnight fasting. A block of tissue containing the septum, preoptic area, and hypothalamus was dissected and frozen in liquid-nitrogen vapor. Tissue blocks were stored at −80°C until further processing. A composite of ruminal fl uid sample was obtained from each heifer immediately post mortem by mixing 3 subsamples of ruminal fl uid collected from the dorsal, ventral, and caudal aspects of the rumen. The ruminal fl uid samples were processed as described subsequently and frozen at −20°C for determination of VFA profi le. A single blood sample (15 mL) was collected and liver weights were obtained at slaughter. Blood samples were placed on ice immediately after collection. Serum was obtained from blood samples by centrifugation (2,200 × g for 20 min at 4°C) and stored at −20°C.
Hormone Assays
Circulating concentrations of insulin, IGF-I, and leptin were determined in serum samples collected at the time of slaughter. Concentrations of insulin were determined by a single-phase RIA kit (Coat-A-Count; Siemens, Los Angeles, CA) reported previously for bovine serum (DiCostanzo et al., 1999; Accorsi et al., 2005) . However, we used a bovine insulin preparation for standards and references instead of the human insulin standards provided with the kit. Minimum detectable concentrations were 0.1 ng/mL and intra-and inter-assay CV were 9.8% and 14.5%, respectively. Circulating concentrations of IGF-1 were determined in triplicate samples as reported previously (Ryan et al., 1994) , except that we used a rabbit anti-IGF-1 serum provided by the National Hormone and Pituitary Program (NHPP, Torrance, CA). Concentrations of IGF-1 in samples collected at slaughter were determined in a single assay and intra-assay CV was 19%. Circulating concentrations of leptin were determined in a single RIA as described previously (Delavaud et al., 2000) . Sensitivity of the assay was 0.1 ng/mL and intra-assay CV averaged 12%.
Volatile Fatty Acid Analysis of Ruminal Fluid
Ruminal fl uid collected from experimental animals at slaughter was mixed briefl y, transferred to 15-mL conical tubes, centrifuged, and the aqueous portion was transferred to a fresh 15-mL conical tube. Samples were stored at −20°C until analysis for VFA composition using GLC (Salanitro and Muirhead, 1975) .
Tissue Processing
Frozen blocks of diencephalic tissue were cut in coronal sections of 20 μm using a cryostat. Tissue sections were thaw-mounted on Superfrost/Plus glass microscope slides (Fisher Scientifi c, Waltham, MA) and frozen immediately. Slides were then stored at −80°C until processing.
RNA Isolation and Extraction
A single series of tissue sections from the hypothalamus of each heifer containing sections 200 μm apart was processed for Cresyl violet staining and observed using bright-and dark-fi eld microscopy to determine the location of the ARC. Location of the ARC was based upon identifi cation of well-established anatomical markers for rat (Pellegrino et al., 1979) and sheep (Lehman et al., 1993) brains. A separate series of sections containing the ARC was used for tissue dissection and RNA isolation. Using a 25-ga needle, an area of approximately 1 mm in diameter encompassing the ARC was scraped from the slides (Figure 1 ). Scraped tissue was placed immediately in lysis solution (RNAqueousMicro; Ambion, Austin, TX). Sections were maintained frozen during scraping and, on average, approximately 48 sections from each heifer were used. Total RNA was collected from tissue scrapes using RNAqueous-Micro (Ambion) according to manufacturer's instructions for the laser-capture micro-dissected tissue protocol, except that RNA was harvested into 400 μL of lysis solution (RNAqueous-Micro) and precipitated with 200 μL of 100% ethanol. Samples were incubated in elution solution (RNAqueous-Micro) for 5 min before being eluted through the column. Total RNA isolated was treated with DNase to remove genomic DNA. Quantity of RNA was determined by spectrophotometry (NanoDrop ND-1000; ThermoFisher Scientifi c, Wilmington, DE). Quality of RNA was determined using the RNA 6000 Pico Kit (Agilent Technologies, Santa Clara, CA), according to manufacturer's instructions. Microarray Procedure and Analysis cRNA Labeling. Total RNA (120 ng) from each heifer was initially reverse transcribed to cDNA using the 2-color Quick Amp Labeling Kit (Agilent Technologies). Labeled cRNA was synthesized by in vitro-transcription of cDNA in presence of either cyanine-3 (Cy3) or cyanine-5 (Cy5; RNA Spike-In Kit, Two-Color; Agilent Technologies) as per manufacturer's instructions. One-half of the samples from each dietary group were labeled with Cy3 and the other half with Cy5. Labeled cRNA was purifi ed using RNeasy Mini columns (Qiagen, Valencia, CA). Yield and specifi city of cRNA were determined based on fl uorospectrometry (NanoDrop ND-1000; ThermoFisher Scientifi c).
Microarray Hybridization. Microarray hybridizations were conducted using the Agilent two-dye 4 × 44 K bovine gene expression array (G2514; Agilent Technologies). Each array contained 44,407 oligo probes, 1,264 of which were positive control probes, and 153 were negative control probes. Each probe was replicated twice on each array; therefore, each array contained 21,495 unique oligos.
Hybridizations were performed using the Gene Expression Hybridization Kit (Agilent Technologies) following manufacturer instructions. Six array hybridizations were conducted using a dye-swap design. Three of the hybridizations were performed with Cy3-labeled cRNA from each of 3 heifers in the HC/HG group and Cy5-labeled cRNA from each of 3 heifers in the HF/LG group. The remaining 3 hybridizations were performed with Cy5-labeled cRNA from each of 3 heifers in the HC/HG group and Cy3-labeled cRNA from each of 3 heifers in the HF/LG group. The dye-swap design resulted in each array being hybridized to either Cy3-labeled HC/HG cRNA and Cy5-labeled HF-LG samples, or Cy5-labeled HC/HG and Cy3-labeled HF/LG samples. Arrays were incubated at 65°C with rotation for 17 h in a microarray hybridization chamber. After hybridization, arrays were washed according to the Agilent Two-Color Microarray protocol (Agilent Technologies).
Microarray Imaging, Data Acquisition, Normalization and Analysis. Agilent arrays were scanned at 5-μm resolution on an Axon GenePix 4100 scanner (Molecular Devices Corporation, Sunnyvale, CA). Signal intensities were quantifi ed using the GenePix pro 6.0 software (Molecular Devices Corporation, Downingtown, PA) and following procedures described previously (Li et al., 2008) . Normalization of log-ratios was accomplished via intensity-dependent nonlinear location shift using Loess regression. Differential expression was assessed by fi tting a linear model to each probe, expressing the observed log-ratio as the sum of a probe dye-effect, the true log-ratio between the 2 dietary groups, plus 0-mean noise. The presence of a signifi cant true non-zero log-ratio between the dietary groups (thus removing the dye effect) was tested for each probe using a Bayesian procedure described in Smyth (2004) . The resulting P-value is moderated by using a SD that borrows information from correlated probes, thereby increasing statistical power. In addition, statistical power is further increased by taking into consideration in the analysis the estimated correlation between pairs of duplicated spots. The analysis is weighted such that only probes fl agged as good quality by the GenePix software are used. The multiple-testing problem created by testing each probe was addressed by adjusting the P-values according to the False-Discovery Rate (FDR) method (Benjamini and Hochberg, 1995) .
Bioinformatics. Functional annotation of differentially expressed genes was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) bioinformatics resources (Huang et al., 2009) . Gene Ontology terms for Biological Process containing 3 or more genes with > 1.5-fold enrichment were considered signifi cant clusters. Terms for Biological Process were chosen because they represent the most relevant component of the Gene Ontology annotation for this study.
Quantitative Reverse Transcription-PCR
Four genes exhibiting differential expression in the microarray experiment were selected for quantitative realtime reverse transcription-PCR analysis. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ribosomal protein L19 (RPL19) were used as reference control genes. Primers used for real-time reverse transcription-PCR were designed using Oligo 6 software (Molecular Biology Insights, Inc., Cascade, CO) and sequences are shown in Table 2 . Specifi city of primer sequences were investigated using the Basic Local Alignment Tool (BLAST; National Library of Medicine). Amplifi cation effi ciency was > 90% for all primer pairs.
Total RNA (20 to 200 ng) isolated from the ARC was reverse transcribed to cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) and oligo (dT) 20 primer (Integrated DNA Technologies, Coralville, IA). Briefl y, PCR reactions contained 2 μL cDNA (diluted 1:4 in 25 ng/μL yeast tRNA), 10 μL SYBR GreenER PCR master mix (Invitrogen, Carlsbad, CA), 0.6 μL of each forward and reverse primers, and RNase-free water to a fi nal volume of 20 μL. Reactions were performed in duplicates for each sample. Quantitative real-time reverse transcription-PCR was carried out in 96-well plates using the ABI Prism 7900HT sequence detection system (Applied Biosystems). Cycling conditions were 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. A fi nal cycle with a slow increase in temperature to 95°C was used to produce a dissociation curve of PCR products and confi rm the absence of non-specifi c amplifi cation. No-template control was used to verify the absence of primer-dimer amplifi cation. Negative control reactions (no reverse transcriptase) confi rmed the absence of genomic DNA carryover in RNA preparations.
Quantitative reverse transcription-PCR data were analyzed by relative quantifi cation (Livak and Schmittgen, 2001) . Threshold cycle (C t ) data for each gene was normalized to the geometric mean C t values of the control genes GAPDH and RPL19 for each sample (ΔC t ), and transformed to the average expression of HF/LG samples (ΔΔC t ). The VBA applet, geNorm (Vandesompele et al., 2002) was used to determine stability of control genes. Mean fold change in the HC/HG group was compared with the HF/LG group.
Statistical Analysis
Initial and fi nal BW, cumulative ADG, liver weight (as percentage of BW), ruminal propionate to acetate ratio, hormone concentrations at slaughter, and mean fold change of selected differentially expressed genes were analyzed using the PROC MIXED procedure (SAS Inst. Inc., Cary, NC). Dietary treatment, replicate, and the treatment by replicate interaction were used as sources of variation. Liver weight as a percent of BW and propionate to acetate ratio were transformed using the arcsine of the square root method to normalize data before performing the statistical analysis.
RESULTS

Performance, Ruminal Volatile Fatty Acid, and Metabolic Hormone Measures
Mean BW at the beginning of the study did not differ between groups (HF/LG, 139.7 ± 6.4 kg; HC/HG, 127 ± 6.4 kg; P > 0.1). Body weight increased linearly in both dietary groups ( Figure 2) . As expected based on the experimental design, ADG was greater (P < 0.0001) in HC/HG heifers (0.98 ± 0.05 kg/d) than in HF/LG heifers (0.51 ± 0.06 kg/d).
Mean BW, mean liver weight (as a percentage of BW), and propionate to acetate ratio in the ruminal fl uid were greater (P < 0.05) at the time of slaughter in HC/ HG heifers than in HF/LG heifers (Table 3) . Mean circulating concentrations of insulin (P < 0.05) and IGF-1 (P < 0.005) were greater at the time of slaughter in HC/ HG heifers than in HF/LG heifers, and circulating concentrations of leptin tended to be greater (P = 0.1) in HC/ HG heifers (Table 3) .
Microarray Gene Expression
A total of 346 probes presented a signifi cant nonzero log ratio between the HC/HG and HF/LG groups at a signifi cance level of 0.05 after multiple-test correction by the FDR method. Therefore, 346 unique sequences Figure 2 . Mean (± SEM) BW of heifers weaned at 3 mo of age and fed either a High-Forage/Low-Gain (HF/LG; n = 6) or a High-Concentrate/ High-Gain (HC/HG; n = 6) diet for 14 wk. Body weight of HC/HG heifers was greater than HF/LG heifers beginning at wk 11 (P < 0.06) and continuing through wk 14 (P < 0.01 to P < 0.03). (genes) were observed to be differentially expressed in the ARC of heifers in the HC/HG group compared with the HF/LG group (adjusted P < 0.05). Among the differentially expressed genes, 229 exhibited increased and 117 exhibited decreased expression in HC/HG heifers compared with HF/LG heifers. Functional annotation of differentially expressed genes identifi ed enriched Gene Ontology (GO) terms for biological process in clusters that included responses to hormones and nutrients, feeding behavior, intracellular signaling, cell to cell communication and synaptic transmission (Tables 4 and 5 ). One of the clusters included down-regulated genes in the ARC of HC/HG heifers that are involved in regulating feeding behavior. Genes in this cluster included AGRP, NPY, and prolactin-releasing hormone receptor (PRLHR). Additional clusters of down-regulated genes in HC/HG heifers include genes involved in the response to hormones and nutrients, and metabolic processes. Genes in these clusters included GH receptor (GHR) and signal transducer and activator of transcription 1 (STAT1), deiodinase type II (DIO2), and retinol-binding protein 1 (RBP1). Clusters representing genes that were up regulated in HC/HG heifers included signaling molecules (phospholipase D2, adenyl cyclase type 1, sphingosine kinase, tyrosine kinase, and dynamin 2), and molecules involved in synaptic transmission (voltage-gated potassium channel-interacting protein 2, gamma amino butyric acid A receptor delta). Genes associated with control of feed intake were also up-regulated in HC/HG heifers and included pro-opiomelanocortin (POMC), the gene encoding the precursor molecule for alpha-melanocytestimulating hormone (α-MSH). A partial list of up-regulated and down-regulated genes with greatest changes in the ARC of HC/HG heifers is depicted in Table 6 . A complete list of differentially expressed genes identifi ed by the microarray analysis is available (see Supplemental Tables; available in the online version of this paper).
Quantitative Reverse Transcription PCR of Selected Genes
Neuropeptide Y, AGRP, GHR, and PRLHR genes were selected for further analysis from the 346 differentially expressed genes because of their known roles in signaling metabolic status in the hypothalamus and regulating energy expenditure. Quantitative reverse transcription-PCR analysis of these genes confi rmed microarray observations and indicated that mean expression of NPY (P < 0.001), AGRP (P < 0.001), GHR (P < 0.02), and PRLHR (P < 0.06) genes was less in HC/HG heifers than in HF/LG heifers (Figure 3 ).
DISCUSSION
The ARC is a major area of the hypothalamus that integrates complex signaling pathways regulating metabolic and reproductive functions. The ARC region of the hypothalamus is populated by important metabolicsensing neurons (Broberger et al., 1998; Hahn et al., 1998) , as well as neurons implicated in pubertal development (Redmond et al., 2011) . Because the initiation of puberty is greatly infl uenced by nutritional balance and metabolic status, we sought to examine an array of genes within the ARC that may be responsive to, or may mediate the effects of, nutritional inputs known to affect the process of sexual maturation. The precocious puberty model in heifers described by Gasser et al. (2006a-d) provides an ideal approach for examining the involvement of the ARC in the nutritional regulation of neuroendocrine function during early juvenile development. The microarray and computational methods used in the Table 3 . Mean (± SEM) BW, liver weight, rumen propionate to acetate ratio, and serum concentrations of metabolic hormones at the time of slaughter in heifers fed High-Forage/Low-Gain (HF/LG; n = 6) or HighConcentrate/High-Gain (HC/HG; n = 6) diets for 14 wk beginning at 16 ± 1 wk of age. a-f Row means without a common superscript differ ( a,b P = 0.05; c,d P < 0.005; e,f P = 0.1).
current studies provide an opportunity to investigate gene networks that may be involved in integrating nutrient metabolism and reproductive function. Results from these studies support the premise that a considerable number of genes expressed within the ARC are regulated by nutrient intake concurrent with the development of distinct metabolic and hormonal states. Interestingly, this differential gene expression was observed in heifers that were under positive nutrient balance, except that groups differed in the rate at which BW increased.
Using microarray gene expression analysis, we identifi ed a total of 346 genes that were differentially expressed between HC/HG and HF/LG heifers at the end of the 14-wk feeding period (approximately at 7 mo of age). This observation demonstrates that the heifer is exquisitely sensitive to nutritional input during early calf-hood. Importantly, nutrient requirements for maintenance were met, and both groups of heifers were in positive energy balance. However, nutrient availability for growth differed between groups. Therefore, differences in gene expression within the ARC between heifers growing at distinct rates indicate that the state of nutrient suffi ciency to support growth involves functional changes within the hypothalamus early in development. We propose that those changes may be important for early maturation of the reproductive neuroendocrine axis. In mice, neuronal Normalized mean (± SEM) expression of neuropeptide-Y (NPY), agouti-related protein (AGRP), growth hormone receptor (GHR), and prolactin-releasing hormone receptor (PRLHR) genes in the arcuate nucleus of heifers fed a high-forage diet to gain BW at a slow rate (HF/LG; n = 6) and heifers fed a high-concentrate diet to gain BW at a rapid rate (HC/HG; n = 6). Expression is relative to mean normalized expression of HF/LG samples in the experiment. Statistical differences between HF/LG and HC/HG are indicated: *P < 0.001; **P < 0.02; ***P < 0.06. Tables; available in the online  version of this paper. 2 Fold change was calculated as the ratio between the mean of intensities of High-Forage/Low-Gain and High-Concentrate/High-Gain samples transformed to the natural logarithm.
projections originating in the ARC toward hypothalamic regions that regulate metabolism and feed intake are established during the fi rst 2 wk after birth (Bouret et al., 2004) . This observation indicates that the early juvenile period of development is critical for development of hypothalamic pathways that control neuroendocrine functions during maturation and adulthood.
Clustering of differentially expressed genes in juvenile heifers growing at distinct rates provides evidence of important biological functions affected by nutritional input. One includes the control of feed intake. Peptide products of genes included in this cluster are well known for stimulating (NPY and AGRP) or inhibiting (α-MSH) feeding behavior (Stanley et al., 2005) . In addition, clustering of differentially expressed genes involved in the regulation of cellular metabolic processes, receptor and intracellular signaling, and neuronal communication provides evidence of a broad array of biological functions that are regulated within the ARC in response to changes in nutritional status. It is evident that the expression of many differentially expressed genes is not limited to neurons. The methodology used in the current study did not allow us to isolate neurons from other cell types, nor specifi c populations of neurons within the ARC nucleus. Nevertheless, the integrative approach used in the current study maximized our ability to investigate, at the cellular level, complex functional changes that occur within the ARC nucleus that may be critical for the regulation of various physiological functions. This is particularly important because the control of neuroendocrine functions involves interactions among neurons, glia and vascular elements (Haydon and Camignoto, 2006; Ojeda et al., 2006; Roth et al., 2007) . Moreover, the approach used in this study will direct further investigations of nutritionally responsive, cellular components of the neuroendocrine system in a reductive manner.
Of the differentially expressed genes identifi ed in the microarray study, expression of NPY, AGRP, GHR, and PRLHR genes were confi rmed by quantitative PCR. Neuropeptide Y and AGRP are known to be intimately involved in signaling metabolic status to the central reproductive axis (Pierroz et al., 1996; Schioth et al., 2001; Vulliémoz et al., 2005) through neuronal pathways emanating from within the ARC (Turi et al., 2003) . Neuropeptide Y projections are observed in close proximity to GnRH neurons and dendrites in the pre-optic area (POA; Campbell et al., 2001) and GnRH fi bers in the median eminence (Li et al., 1999) . Neuropeptide Y5 receptor has been localized in GnRH neurons (Li et al., 1999; Campbell et al., 2001) , indicating direct actions of NPY upon GnRH neurons. Neuropeptide Y expression increases during negative energy balance (McShane et al., 1993) and decreases during adequate or excess energy (Sanacora et al., 1990) . Therefore, because of its involvement in the control of reproductive function in sexually mature animals (Catzefl ies et al., 1993; Gazal et al., 1998; Thomas et al., 1999) , NPY is a major focal point in the efforts to understand mechanisms associated with the metabolic control of sexual maturation. Importantly, treatment of female rats with NPY delays sexual maturation and disrupts reproductive cyclicity (Catzefl ies et al., 1993) . Furthermore, McShane et al. (1992) have reported that intracerebroventricular administration of NPY to estradiol-implanted and non-implanted, ovariectomized ewes reduced release of LH. Others have reported that NPY administration suppresses circulating concentrations of LH by inhibiting pulsatile release of GnRH and LH in ovariectomized, estradiol-implanted cows (Gazal et al., 1998; Thomas et al., 1999) . Additionally, acute central administration of NPY inhibits secretion of LH in mature, ovariectomized cows pretreated with leptin (Garcia et al., 2004) , suggesting that NPY signaling may be downstream of the actions of leptin. Based on previous reports (Gasser et al., 2006a-d) , the nutritional strategies employed in the current experiment were designed to promote a relatively rapid rate of BW gain, which, when associated with high concentrate diets, have been shown to markedly hasten puberty in heifers. Thus, our observation of decreased NPY expression in the ARC of HC/ HG heifers compared with HF/LG support the hypothesis that NPY neuronal pathways may serve as metabolic integrators of the pubertal process. Specifi cally, elevated NPY expression in the ARC may serve as a metabolic 'brake' for pubertal onset. However, the neuroendocrine mechanisms and pathways by which NPY exerts this function remain unclear, but may involve differential NPY projections that are established during early calfhood development (Alves et al., 2011) . In addition, alterations in hypothalamic neuronal circuitry associated with nutritional inputs have been observed during early postnatal development in rodents (Bouret et al., 2008) .
The majority of the NPY neurons in the ARC coexpress AGRP (Broberger et al., 1998) , which functions in concert with NPY to increase nutrient intake and decrease energy expenditure during times of inadequate nutrition. In the current study, differential expression of AGRP between HC/HG and HF/LG heifers was parallel to that of NPY. Agouti-related protein is an antagonist of melanocortin receptors (MCR) and blocks the actions of α-MSH (Ollmann et al., 1997) . Hypothalamic α-MSH is cleaved from its polypeptide precursor, POMC, during post-translational processing and upon binding to MCR suppresses appetite and feeding behavior. In the current study, expression of POMC gene was increased in heifers fed high concentrate diets to gain BW at rapid rates. This is in agreement with the opposing roles of NPY/ AGRP and α-MSH in the control of feeding and energy expenditure (Stanley et al., 2005) . It has been suggested previously that AGRP exerts negative modulatory effects on GnRH neurons (Schioth et al., 2001; Vulliémoz et al., 2005) and thus ultimately, decreases secretion of gonadotropins from the adenohypophysis. Melanocortin 4 receptor (MC4R) is expressed in immortalized hypothalamic GnRH-secreting GT-1 cells (Khong et al., 2001 ), but it is unclear if they are expressed specifically on GnRH neurons. Based on in vitro experiments, AGRP does not appear to affect gonadotropin secretion directly in cultured pituitary cells (Stanley et al., 1999) . The apparent role of AGRP in regulating gonadotropin secretion is to function in synchrony with NPY to increase appetite and feeding behavior by blocking the actions of α-MSH. Similar to NPY, AGRP expression was more abundantly expressed in HF/LG than in HC/ HG heifers. Thus, AGRP may bolster the actions of NPY as a metabolic 'brake' on pubertal onset by suppressing GnRH release. Previously, it has been demonstrated that nutritional inputs during early postnatal development affect neuronal development of AGRP projections in the hypothalamus (Bouret et al., 2008) .
The current study also revealed that GHR expression was decreased in HC/HG heifers relative to HF/LG. Growth hormone is the cognate ligand for GHR, and GH secretion is regulated by an intricate interaction between GHRH and somatostatin actions on somatotrophs (Tannenbaum and Ling, 1984) . Only a small proportion of GHRH neurons in the ARC express GHR (Burton et al., 1995) ; however, the majority (98%) of NPY neurons in the ARC express GHR mRNA (Chan et al., 1996) . In addition, evidence indicates that NPY neurons act as an intermediate step in the regulation of GH (Chan et al., 1996) . In rats, hypophysectomy caused a signifi cant reduction of NPY mRNA expression in the ARC, and treatment with GH restored mRNA expression to that of control animals (Chan et al., 1996) . This indicates a direct regulation of NPY expression by GH, likely via GHR on NPY neurons in the ARC. Concentrations of GH in circulation tend to decrease during the juvenile growth and are low at puberty, particularly in heifers gaining BW at rapid rates (Yelich et al., 1995) . Therefore, it is possible that the increased nutritional status promoted in the HC/ HG group supports alterations in the NPY system with downstream effects on GH secretion and GH feedback signaling on NPY neurons. Previous reports from our group (Thomas et al., 1999) and from others (McMahon et al., 1999; Morrison et al., 2003) have demonstrated clear stimulatory effects of NPY on release of GH in cattle and sheep. Thus, the interrelationships between NPY and GH release seem to reinforce a metabolic status that may be permissive (if suppressed) or restrictive (if maintained elevated) to reproductive maturation.
The PRLHR gene (originally denominated GPR10) has been found to be highly expressed in regions of the brain that are involved in the control of nutrient intake and energy expenditure, including the hypothalamus (Fujii et al., 1999) . PRLHR was found to be abundant in the adenohypophysis (Fujii et al., 1999) and its endogenous peptide ligand, prolactin-releasing hormone (PRLH), was found to induce prolactin release, and reduce feed intake and BW (Lawrence et al., 2000) . Moreover, intracerebroventricular injection of PRLH increases body temperature and oxygen consumption, indicating that activation of PRLHR increases energy expenditure. Further, PRLHRdefi cient female mice show increased circulating leptin and increased hypothalamic expression of corticotropinreleasing hormone (CRH) and POMC genes (Bjursell et al., 2007) . These observations corroborate our fi ndings in which expression of POMC was greater in HC/HG than in HF/LG heifers (see Supplemental Tables; available in the online version of this paper).
The greater circulating concentrations of leptin and insulin in HC/HG compared with HF/LG heifers confi rm the elevated nutritional status in that group, and the greater concentrations of IGF-1 in circulation, support greater potential for increased somatic growth. The increase in mean circulating concentrations of leptin in HC/HG heifers is congruent with the observed decrease in expression of NPY and AGRP, because leptin has been shown to suppress NPY and AGRP gene expression and release (Aubert et al., 1998; Belgardt et al., 2009; Olofsson et al., 2009) . Leptin also positively modulates GH secretion under fasting conditions by direct actions at the anterior pituitary (Zieba et al., 2003) and attenuates the stimulatory effects of NPY on GH release in cattle (Garcia et al., 2004) . In addition, numerous studies have demonstrated the close association between secretion patterns of leptin and insulin. Similar to leptin, insulin also has negative regulatory effects on NPY and AGRP expression (Wang and Leibowitz, 1997) .
The foregoing changes in metabolic hormones and in expression of key regulatory genes in the ARC are also congruent with the observed changes of ruminal VFA content. In ruminants, propionate is readily converted to glucose in the liver, whereas acetate is not (Van Soest, 1982) . Increased hepatic function may explain increased liver weight in HC/HG heifers, supporting increased hepatic IGF-1 synthesis and maintaining greater concentrations of IGF-1 in circulation.
In summary, our results have confi rmed marked differences in gene expression within the ARC in heifers nutritionally programmed to hasten pubertal onset. Among the numerous differently-expressed genes, NPY, AGRP, GHR and PRLHR exhibited decreased expression under nutritional conditions that promoted a relatively rapid rate of gain. These genes are known to be involved in the neuroendocrine control of metabolic functions, and interact to regulate the reproductive neu-roendocrine axis. Therefore, nutritional inputs during juvenile development regulate expression of an array of genes in the ARC that are involved in various biological processes; most notably, response to hormones and nutrients, feeding behavior and neural transmission. Fine regulation of these biological processes may be critical for timing the onset of puberty in heifers.
